Abstract-The Inner Lake is a typical tide-influenced waterfront body in Eastern China. Series of environmental factors of the lake changed frequently and extensively due to its location. Regulating the water exchange for an improved living condition to restore macrophyte is very important to establish a healthy ecosystem. A differentiation function for submerged macrophyte restoration was proposed, and the numerical differentiation model was established, in which the projection pursuit theory was used to solve high-dimensional matters. The restoration areas of Vallisneria gigantean L. in the Inner Lake in different hydrological years were forecasted. The results showed that the restoration regions in different typical years varied to some extent. The main restoration areas in the three years were similarly concentrated in the north and south parts in the lake. It was difficult to restore the macrophytes in the mainstream of the lake for its stronger water disturbance and higher suspended sediment concentration.
I. INTRODUCTION
Submerged macrophytes play an important part in aquatic ecosystems. They can provide food and shelters for aquatic animals, regulate nutrient dynamics within the system and prevent resuspension of the sediments [1] . However, on account of the increasing water pollution and accelerating water eutrophication, deterioration of submerged macrophytes has widely happened, which destroys the original ecological balance and eventually changed the macrophyte-dominated waterbody into the algae-dominated [2] , [3] . To find a low-consumed and high-efficient technique to resolve these problems, submerged macrophyte restoration has been gradually focused on since the late 1970s, and presently it is widely used in water pollution control projects. Many experts have conducted series of researches in laboratory environment and explained some mechanisms about submerged macrophyte restoration to some extent [4] . However, there are few successful restoration cases in field practice. Submerged macrophytes always cannot survive diffusely and form steady communities. For example, Wang et al have failed twice to restore the macrophyte in Houhai in Beijing [5] ; Li established the original submerged macrophyte communities under the controlled-isolated H. Wang is with the Key Laboratory for Integrated Regulation and Resources Exploitation on Shallow Lakes, and Ministry of Education, Hohai University, Nanjing, China (e-mail: wanghua543543@163.com).
F. Q. Ji, J. Qin, and Y. Y. Zhou are with the Environmental College, Hohai University, Nanjing, China. environment in Wuli Lake, China, but they cannot live through the summers [6] . Lack of differentiation studies is an important reason for these frustrated cases. Many environmental factors, such as underwater light intensity, nutrient, temperature, deposited sediment, and water current, are included in the growth of submerged macrophytes, and the impacts of these factors always vary greatly. Differentiation study aims to quantificationally indicate the restoration feasibility of submerged macrophyte in a given field condition based on an integrated analysis of these influencing factors, and sequentially increase the restoration probability.
This current paper took the Inner Lake in Zhenjiang city, located in the middle-down reaches of the Yangtze River in Eastern China, as a research area. It is a typical tide-influenced waterfront body and due to its particular location and uncontrolled water exchange many environmental factors always change frequently and extensively. So we firstly introduced the habitat condition melioration schemes of the lake, which was very important for a favorable habitat, and then a differentiation function for macrophytes restoration was proposed. In view of the multi-dimensional factors included in the growth of macrophytes, a numerical differentiation model coupling water current, nutrient, suspended sediment, and underwater light intensity was proposed, and the projection pursuit principle was applied to solve the high dimensional problems in the model. Finally, the Vallisneria gigantean L. was selected as a typical restoration species, and the restoration areas of it in the Inner Lake in different hydrological years were forecasted based on the model.
II. MATERIALS AND METHODS

A. Description of the Study Area
Zhenjiang, located at the convergence of the Yangtze River and the Jinghang Grand Canal, is a typical waterfront city in the Changjiang Delta in China. The Inner Lake, which is about 372 km away from the downriver estuary, is the main water body of Zhenjiang City. It is connected to the Yangtze River by the Leading Channel and joins the Yangtze River downstream at the Jiaonan Gate (Fig. 1) , which results in a frequent water exchange between the lake and the Yangtze River.
The exchanged water volume per year is approximately between 4.5×10 9 m 3 and 1.5×10 10 m
3
, and more than 85% of that is concentrated in the flood seasons [7] . Tides in the Yangtze River result in the high and low tides twice a day in the Inner Lake with the rising tide lasting 3.42 h and the ebb tide lasting 9.25 h on average. Due to the dual impacts of upstream runoff and external tides, the water level, water surface area, water volume, and dynamic conditions in the Inner Lake always change frequently in different typical years and tidal cycles (Table I) , which induces series of environmental and ecological problems: a) During the flood seasons, plenteous water exchange can increase the environment carrying capacity of the lake and improve its water quality. However, due to the high suspended sediment concentration (SSC) of the coming water the overfull water may accordingly increase the SSC in the lake, that will aggrandize suspended sediment deposition and decrease the water transparency; b) In the dry seasons, SSC of the outer water body is reduced, but the low water level of the Yangtze River results in an insufficient water exchange, which will induce series of problems going against macrophyte restoration such as water quality deterioration, algae blooms, and increased bare bottomland; c) Frequent fluctuations of the habitat conditions always destroy the stability of the ecological system and add more difficulties to resume submerged macrophytes. Fig. 2 illustrates the annual processes of some factors of the lake in the common-water year of 2001.The reasons for these problems can be ascribed to the uncontrolled water exchange between the Inner Lake and the Yangtze River. Therefore, a pumping station was constructed on the Leading Channel ( Fig. 1) to regulate the water exchanging process of the lake to stabilize its habitat conditions for macrophyte restoration. 
B. Habitat Conditions Melioration
The most important way to meliorate the habitat conditions for the Inner Lake is to regulate the uncontrolled water exchange. In view of the hydrological conditions of the Yangtze River and the lake, the water exchanging progress was regulated by the following principles: a) During the flood seasons, considering the higher SSC of the Yangtze River, water exchange should be controlled to depress sediment deposition and increase water transparency. The inflowing water with high SSC should be obviated and that with low SSC should be introduced as much as possible. b) In the dry seasons, the outer low water level results in an insufficient water exchange, so the pumping station at the Leading Channel should be used to reinforce water exchange to improve water carrying capacity and keep the ecological water demand. c) The water regulation scheme should consider the detailed water demands in different growth periods of submerged macrophytes and the water level of the lake should be controlled to meet the requirements for macrophyte restoration. d) After regulation the modes of water exchange of the lake include three types. The first one is "Self-introducing". This mode is always used when the water level of the Yangtze River is high enough, and in this situation water exchanges in a natural way. The second type is "Pumping". This mode is usually selected when the outer water level is too low to precede natural water exchange, and the pumping station will be used in this mode. The last one is "Keeping static condition". This mode is always needed after water exchange for the sedimentation of suspended sediments and the increase of water transparency. Specific schemes have been documented in [8] . By regulation, the natural exchanged water volume was balanced, the SSC of the lake was decreased and the water transparency was increased. Habitat condition of the Inner Lake was obviously improved for macrophyte restoration. The corresponding processes in Fig. 2 after water regulation were shown in Fig.  3 .
C. Numerical Differentiation Model 1) Differentiation function
Many present researches have indicated that the growth of submerged macrophytes is influenced by multi-environmental factors such as underwater light intensity, nutrient concentration, suspended sediment, water current, temperature, and deposited sediment [9] (Fig. 4) . However, different water bodies always face different environmental problems, and the dominating influencing factors considered in macrophyte restoration vary widely. So in a given habitat condition, a differentiation criterion considering these influencing factors is very important to estimate whether the macrophytes can be restored or not. In view of the field environmental characters of the Inner Lake, the criterion for submerged macrophyte restoration was put forward based on both the Least Factor Law of Justus-Liebig and the Tolerance Law of Shelford, which can be expressed as follows: 1) Water current, nutrient, suspended sediment, and underwater light intensity are the main influencing factors considered in macrophyte restoration for the Inner Lake; 2) Pure underwater light intensity is the fateful factor for the growth of macrophytes. In field conditions, it should meet the light compensation point of macrophytes, or else they cannot be restored; 3) The other three factors can be boiled down to tolerant factors, and the general impacts of these factors on macrophytes should range in the tolerance limits. If the external action on macrophytes exceeds the limits, they cannot be restored (Fig. 5) . The criterions can be translated to the functions as in (1):
where M is the differentiation function for macrophyte restoration; I is the pure underwater light intensity; K 1 , K 2 , K 3 represent nutrient concentration, suspended sediment, and water current, respectively. F is the growth limiting function related to underwater light intensity; G is the general influencing function with other three factors being considered.
where I 0 is the light compensation point of macrophytes, which can keep well-balanced photosynthesis. 1, ( , , ) 0, ( , , ) ( , , )
where
is the integrated impacts of the factors on macrophyte growth; P min and P max are respectively the minimum and the maximum tolerant limit value; The gap between P min and P max is the tolerant extent of the environmental factors to macrophyte growth. Based on formula (2) and (3), the results of function M can be calculated. If M equals to 1, the submerged macrophytes can be resumed, or else it can not. 
2) Numerical model structure
The function proposed above established the essential foundation for differentiating the restoration area of macrophytes. However, to get an in-depth and quantificational investigation, it is very important to learn the changing mechanisms of the influencing factors considered in the function by numerical simulations. Therefore we put forward a numerical model, which was composed of three parts. The first part is the multi-factor coupled simulation module, which aims to simulate the temporal and spatial processes of the environmental factors in a field habitat. The second part is the data analysis and processing module. Because many factors were considered in the function, to solve the differentiation function is to solve a high-dimension numerical problem. How to reflect the integrated impacts of all the factors on macrophyte growth, and how to change the multi-dimension problem to a single one are of great importance. This module used projection pursuit theories to tackle these problems. The last part of the model is the result output module (Fig. 6 ). 
3) Radical controlling equations a) Two-dimension unsteady flow equation
The conservation forms of two-dimensional shallow water equations are written as in (4) 
where h is water depth; t is time; u and v are depth-averaged velocity components in the x and y directions, respectively; g is the acceleration of gravity; s 0x and s fx are the bed slope and friction slope in the x direction, and s 0y and s fy are the bed slope and friction slope in the y direction.
b) Two-dimension convection-diffusion equation
The pollutant convection-diffusion equation can be written as in (5):
where C i is the depth-averaged pollutant concentration; and y directions under dynamic condition, respectively; K i is the degradation coefficient; W i is the source-sink vector of pollutants, which is closely related to field dynamic conditions. c) Suspended sediment transportation equation Considering the diffusion and resuspension of suspended sediment under water current disturbance, the two-dimensional suspended sediment transportation equation is written as in (6):
where S is the suspended sediment concentration; E x and E y are the dispersion coefficient of suspended sediments in the x and y directions under dynamic condition; F s is the source-sink vector of suspended sediments and it can be expressed as in (7): 2 2 2 2 (1 )
where α is the sedimentation probability; ω s is the sedimentation velocity; u d is the non-depositing critical velocity; u e is the incipient critical velocity; when u≤u d , the suspended sediment will be deposited, or else, it will be resuspended.
d) Underwater light intensity distribution model
The attenuation of light intensity in water body is induced by both absorption and dispersion. Different water bodies have different physical components, and the light attenuation varies greatly. The solar radiations of different wavelengths have various attenuation mechanisms in different water layers. A simplified mode was used in the paper to reflect the underwater attenuation process of light intensity, which can be written as in (8) where I 0 is the primary light intensity at the water surface; h is the water depth; I h is the light intensity at the depth of h; k is the optics attenuation coefficient, which is closely related to the suspended sediment concentration, nutrient concentration and so on. The water flow, water quality, temperature, and suspended sediment controlling equations can be combined to be calculated. Formulas (4), (5) and (6) can be written as the unified form in (9):
where q is the vector of the conserved physical quantities; f(q) and g(q) are respectively the flux vectors in the x and y directions; b(q) is the source-sink vector; the detailed expressions are as in (10) 
( , , , 
In which superscript T is the transposing operator; ∇ is the gradient operator.
Developed in the framework of finite volume method (FVM) on an unstructured grid, the flux vector splitting (FVS) scheme was employed to calculate the numerical normal flux of variables across the interface between grids. The underwater light intensity can be calculated by formula (8) solely.
4) Data processing with projection pursuit
Based on the simulation results of different environmental factors, the functions of F and G should be solved to forecast the restoration area of submerged macrophytes. The function F can be directly calculated by the numerical model, but how to deal with the function G is a key problem. Generally, a separate influencing factor is a separate parameter, and the system under multi-impact of n factors can be regarded to be a n-dimensional problem. Here three tolerant factors including water current, nutrient, suspended sediment are considered, so to deal with the function G is to tackle a 3-dimension problem. In this paper, the projection pursuit theory was selected to turn the high-dimensional matter into a one-dimension index, which was popularly used in the recent 20 years. The basic steps are as follows: a) Project the high dimensional data to low dimensional space by certain combination; b) Use the projection index function to reflect the possibility of exposing some configurations, and find out the best projection value to optimize the projection index function; c) Analyze the structural characters of the high dimensional data according to the projection value. Conformation and optimization of the projection index function is the key problem in projection pursuit.
III. RESULTS AND DISCUSSION
A. Calculation Conditions
Water regulation between the Inner Lake and the Yangtze River made an improved habitat for submerged macrophyte restoration, and the established numerical differentiation model made it possible to conduct a farther quantitative study. In view of the different living conditions in the Inner Lake in different years, three typical water years, the high-water year (1998), the common-water year (2000), and the low-water year (2004) were selected as the representative studied phases. The macrophyte of Vallisneria gigantean L. was selected as the pioneer species for its extensive adaptability, which used to be a leading species in the Inner Lake. Considering the different growing periods of Vallisneria gigantean L., the spring (bourgeoning period) and the summer (growing period) were selected as the calculated periods of time in each typical year. The water area, of which the values of the differentiation function M in different calculated periods are all equal to 1, is considered to be possible for submerged macrophyte restoration.
Calculated region was the Inner Lake. According to the terrain characters it was divided into 2642 quadrilateral grids and 2880 nodes. The mean grid size was 50m×50m. There are five open boundaries, the upper section of the leading channel, the Yunliang River, the Hongqiao Harbor, the Guyun River, and the Jiaonan Gate in the model, with the first three sections being inflowing boundaries and the last two out flowing. The water levels, water flow rates and pollutant concentrations at the open boundaries were obtained from the field measured data. The time steps in the model of water current and pollutant transport were 0.1 s and 1 s respectively. Considering the spatial discrepancy, the roughness coefficients were taken between 0.02 and 0.05. The turbulent viscosity coefficient was 0.2 m 2 ·s -1 , and the wind drag coefficient was 1.0×10 -3 . The eigenvalues of the factors considered in the growth of Vallisneria gigantean L. were obtained by laboratory experiments and documented results [10] - [15] , which were shown in Table II . 
B. Restoration Area Forecast
Based on projection pursuit, the software MATLAB6.0 was used to deal with the results of numerical simulations. According to a given calculated grid, the father-generation initial population scale n=400, crossover probability P c =400, mutation probability P m =0.8, and the excellent individual amount is 20. Based on the established numerical model, the water area, where the macrophyte Vallisneria gigantean L. can be restored, was forecasted for different level years (Fig.  7) . It was found that, due to the disparities in the hydrological conditions and the sediment concentrations, the areas of the macrophyte restoration region in different typical years vary to some extent. The total restoration areas in the high-water year, common-water year, and low-water year were respectively 0.67 km 2 , 1.06 km 2 , and 1.01 km 2 . Averagely, the restoration region approximately accounts for 13.4% of the total water surface. The main restoration areas were concentrated in the north and south parts of the lake, and it was difficult to restore the macrophytes in the mainstream area because of the stronger water disturbance and the higher suspended sediment concentration.
IV. CONCLUSIONS
Due to the complex impacts of series of factors involved in the growth of submerged macrophytes, it is still a difficult problem to quantificationally forecast the restoration areas of them in a given field habitat. In this paper, a typical waterfront body, the Inner Lake, located in the middle-down reaches of the Yangtze River in Eastern China was selected as the research area to make a primal investigation on this topic. In a natural condition, many environmental factors of the Inner Lake always changed frequently and extensively, which leaded to a poor habitat for submerged macrophyte restoration. However, by water quantity regulation the living conditions of the Lake can be improved obviously to restore macrophytes. A numerical function was originally proposed to differentiate the restoration area for macrophytes, which included four influencing factors, underwater light intensity, water current, nutrient, and suspended sediment. Based on the function the numerical differentiation model for submerged macrophyte restoration was established, and the projection pursuit theory was used to solve the multi-dimensional problems. Eventually, the macrophyte of Vallisneria gigantean L. was selected as the pioneer species and the restoration areas in the Inner Lake in different typical years were forecasted. The results showed that the restoration regions in different years were similarly concentrated in the north and south part of the Inner Lake, and the area was averagely 13.4% of the whole water surface. Submerged macrophytes always play an important part in the biologic and chemic cycles in water bodies, and occupy the key interface in the aquatic ecosystems. During the recent decades, restoration and reconstruction of submerged macrophytes is gradually attended by more and more experts. The results of this paper will to some extent promote quantitative investigations on field submerged macrophyte restoration, and will make an important contribution to establish a steady and healthy aquatic ecosystem for the studied area.
